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ABSTRACT 
Metallurgy Division 
National Bureau of Standards 
Gaithersburg, MD 20899 
The in-process measurement of the interna! temperature distribution 
is an important step toward improved processing of steels. A promising 
approach is the measurement of ultrasonic velocity, combined with a 
priori information on heat flow. Reference data on ultrasonic velocity 
versus temperature have been obtained for austenitic 304 stainless steel 
and for ferritic AISI 1018 steel. For stainless steel the longitudinal-
wave velocity is nearly linear with temperature, with a proportionality 
constant of about -0.7 meters per second per degree Kelvin. In this 
paper we review the technical approach being used to ultrasonically 
determine internal temperature distribution. For this we (1) map the 
average velocity (hence average temperature) within hot steel samples 
(using a pulsed-laser driver and an electromagnetic acoustic transducer 
(EMAT) receiver) and (2) apply a reconstruction model that is based on 
ultrasonic tomography and utilizes the equations of heat flow. 
BACKGROUND 
In 1981 the American Iron and Steel Institute (AISI) identified the 
need for new process control sensors as a means to increase productivity, 
improve quality and reduce energy consumption throughout the domestic 
steel industry. AISI task groups studied 35 steel processes, identified 
537 process control sensor needs, ranked 18 as most significant, and 
subsequently selected 4 as the "highest priority" [1]. These four 
sensors needs were: 
o Detection of pipe and porosity in hot steel 
o Detection of surface imperfections in sheet steel 
o In-process chemical analysis of molten metal 
o Internal temperatures of solid/solidifying steel. 
In 1982, a collaborative research program between AISI and NBS was 
initiated to address two of these needs, the pipe/porosity and tempera-
ture sensors. Research associates from the steel industry have been 
participating in the sensor development program at NBS. Their role is to 
aid in the research and bring focus to the problems of applying sensors 
in the hostile steel plant environment. 
* NBS/AISI Research Associate permanently with Bethlehem Steel 
Corporation, Bethlehem, PA. 
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TEMPERATURE SENSOR - TECHNICAL CHALLENGES 
The objective of work described here is the development of a sensor 
for the "rapid measurement of temperature distribution within a solid or 
solidifying body of hot steel." An "ideal" internal temperature measure-
ment system would: 
o Measure temperature within 10°C, 
o Maintain accuracy at temperatures up to 1350°C, 
o Complete a measurement within seconds, 
o Operate reliably in severe environments. 
Measurement of any physical properties that are temperature depen-
dent (e.g., elastic modulus, density, specific heat, resistivity) pro-
vides in principle the means to determine internal temperature. A 
promising practical approach is the measurement of ultrasonic velocity. 
To measure temperature, we rely on the well-known effect of temperature 
on ultrasonic velocity. This velocity must be determined from ultrasonic 
time-of-flight (TOF) and path length (sample thickness) measurements. 
Technical challenges to be addressed in this work include: techniques to 
maintain transducer performance when operated close to hot steel; methods 
to deal with scale on the surface that may block the ultrasonic signals; 
a means to acquire adequate ultrasonic signals under the conditions of 
increased attenuation at higher temperatures; and development of on-line 
techniques for accurate measurement of sample thickness. 
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Fig. 1. Experimental arrangement for obta ining reference data. 
REFERENCE VELOCITY DATA 
The ultrasonic temperature-measurement technique relies on reference 
data for longitudinal-wave velocity, previously obtained on samples with 
similar alloy composition. The experimental arrangement used at NBS to 
obtain precise reference data is shown in Figure 1. I t includes a 
stepped-bar sample instrumented with f ive thermocouples, a pulsed Nd-YAG 
laser for generating ultrasonic waves, and a conventional piezoelectric 
receiver. A 20-cm length of the sample is located in a uniform 
temperature zone of a furnace, and the length measurements are corrected 
for thermal expansion. The time of flight (TOF) is measured for path AC 
and for path BC; the difference is the TOF for the 20-cm test section. 
Figure 2 shows reference data on ultrasonic velocity of two steels 
expressed as a function of temperature. For austenitic (304 stainless) 
steel, the ultrasonic velocity is a nearly linear function of temperature 
to about 1100°C, with a proportionality constant of about -0.68 meters 
per second per degree Kelvin. For the ferritic (AISI 1018) steel the 
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~ltrasonic velocity is nonlinear with temperature. A single curve pro-
vides a reasonably good fit to the 1018 data, although the heating and 
cooling curvea are not exactly identica! over an intermediate temperature 
range. Additional information regarding thermal history might be needed to 
measure internal temperatures to better than 15°C, for these steel grades. 
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Fig. 2. Reference data on two steel samples. 
ULTRASONIC SENSOR METHODOLOGIES 
We are evaluating several ultrasonic sensor techniques from the 
viewpoint of possible steel-plant applications. The techniques include: 
noncontacting water-cooled electromagnetic acoustic transducers (EMATs) 
which are operated at varied liftoff distances from the steel surface; 
piezoelectric transducers coupled to scale-covered hot steel surfaces 
with molten glass flux via buffer rods; and high-power pulsed laser 
excitation of ultrasonic waves in hot steel . 
Experimenta have been conducted to evaluate laser drivers and EMAT 
sensors under simulated in-process conditiona. The samples included as-
rolled and as-cast steel products, coarse-grain (ASTM O) steel that 
simulates cast microstructures, and fine-grain aluminum test blocks. 
Figure 3 is an example of a digitized waveform, representing the longitu-
dinal-wave signal acquired during a laser/EMAT test on an austenitic 
stainless steel sample. As one would anticipate, we found that the shape 
of the through-transmitted pulse changes with temperature due to increas-
ing attenuation. Therefore, various methods to extract the TOF data from 
wideband waveforms are being studied, including first-arrival, zero-
crossing, peak-detection and cross-correlation techniques. Using the 
first-arrival time of the signal (labeled Ll in Figure 3) we are current-
ly measuring ultrasonic velocity at temperatures up to 750°C with the 
laser/EMAT sensor pair. 
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Fig. 3. Example of digitized waveform. 
LASER BEAM 
Fig. 4. Ultrasonic scanning arrangement showing location of 
thermocouples 0-4. 
AVERAGE TEMPERATURE 
The scanning arrangement used to determine the interna! temperatures 
of hot steel is shown in Figure 4. The sample is a surface-ground 15-cm 
square test block of 304 stainless steel. The steel block is scanned 
across the path of a pulsed laser beam and stepped at fixed intervals 
while signals are recorded at each step interval from the EMAT. The 
block is subsequently rotated 90 degrees to scan both its X and Y 
directions. Five thermocouples are used to independently record the 
surface and interna! temperatures at 10-second intervals under conditions 
of natural cooling and forced-air cooling. 
Figure 5 shows the results of a sequence of four ultrasonic scans on 
the test block with TOF data plotted versus scan position. For each 
scan, the block was indexed in 1-cm increments. The elapsed time between 
each TOF waveform recording was about 15 seconds. Initial temperature of 
the block was over 550°C. Each data point represents the average inter-
na! temperature for a different ultrasonic ray path during cooling. A 
linear regression fit to the data for each scan is shown in Figure 5. 
From the midpoint of each curve, the average TOF (hence average tempera-
ture) can be estimated using reference data for 304 stainless steel from 
Figure 2 and the known path length. 
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Fig. 5. Ultrasonic time-of-flight versus scan position. 
Figure 6 is a plot of "TOF temperature" deduced from the ultrasonic 
data versus "actual temperature" as recorded from thermocouple 4 and 
combining the data for all four scans. The correlation appears to be 
good although there is a slight offset because thermocouple 4 measures 
temperature at the center of the block, not the average temperature. 
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TEMPERATURE PROFILE 
For some applications, it is important to reconstruct the internal 
temperature profile in addition to the average temperature. For recon-
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Fig. 6. Temperature deducted from TOF measurements versus 
internal temperature from thermocouples. 
struction purposes, we use a model similar to one already described by 
Norton, et. al. [2]. It combines the concepts of tomography with the 
physics of heat flow, and thereby reduces the number of TOF data points 
required for reconstructing temperature profiles. We consider the 
temperature distribution on a square cross section defined by -a~x~a and 
-a~y~a, and we include only the first terrn in the expansion of the 
solution to the heat conduction equation, 
T(x,y,t) = T + (T - T) cos(q 1x) cos (q 1y), a c a 
where T is the ambient temperature and T is a reference (center) 
tempera~ure. Symmetrical temperature distfibutions are assumed, and the 
parameter q 1 is deterrnined from heat transfer coefficients. In the 
algorithm, fhe predicted TOF is deterrnined by integration over each 
ultrasonic ray path, 
.r~ a -1 
TOF (y ) = 
n f -a V (x,yn) dx 
where velocity, V, is available from reference data in Figure 2. Using 
the measured TOF data, the mean-square error, E, is minimized 
E 
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The model bas been expanded recently to solve for internal temperature 
expressed as T(x,y,t) and to explicitly handle the time dependence of the 
TOF data that was obtained under forced-air cooling [3]. 
As an experimental test of the model, a series of ultrasonic scans 
were made across the 304 stainless steel sample. The initial temperature 
was about 350°C. Forced-air cooling was applied and each scan was limited 
to five TOF data points. The measured ultrasonic TOF data are converted 
to "TOF" temperature and plotted in Figure 7 for one of the scans. In 
this example the forced-air cooling was not uniform and some deviation 
from symmetry is apparent. The temperature profile predicted by the 
model is also plotted in Figure 7 for the same scan. The sample tempera-
ture decreased by several degrees during the scan and temperature ranges 
are plotted for data from two surface thermocouples (0,2) and two inter-
nal thermocouples (3,4). Using the symmetric model, the predicted and 
measured temperatures agreed within about l0°C though some deviation from 
symmetry is apparent. 
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Fig. 7. Experimental test of the temperature profile model. 
STATUS AND FUTURE WORK 
In regard to developing a sensor to rapidly measure the internal 
temperature distribution of hot steel, the experimental work bas shown 
proof-of-concept for the use of laser and EMAT ultrasonic transducers for 
average temperature measurements, and for the use of models to recon-
struct internal temperature profiles of austenitic steels. Plans are to 
extend the temperature reconstruction techniques and to determine the 
temperature profiles of other grades of steels, including ferritic steels 
that have nonlinear V(T) curves. 
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Later, the laser/ EMAT study will include samples with irregular 
surfaces where it is a more difficult problem to acquire the path-length 
and ultrasonic TOF data. Also, additional research is needed to quantify 
the mechanisms that contribute to changes in velocity and attenuation 
with temperature in hot steel. Reliable high-temperature transducers 
will need to be available prior to developing a prototype interna! 
temperature sensor for evaluation in a steel plant environment. 
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DISCUSSION 
Mr. R. C. Chivers (Cornell): AmI right in thinking that you didn't 
have to do any normalization to get the agreement between your 
experiment and your model? 
Mr. Droney: For the data reported here, no normalization was necessary. 
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The two steel samples had slightly different alloy compositions, 
and the difference in velocity calibration was equivalent to about 
a 25-degree offset at room temperature. For other TOF measurements 
at higher temperatures we have observed a systematic shift in TOF 
data, presumably due to a temperature dependent attenuation of the 
high frequency signal components. This can result in up to a 25-
degree discrepancy unless corrected for in the analysis. 
